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U+ = y+ (loi linéaire)
U+ = 2.41 ln(y+)+5.3 (loi logarithmique)
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2 (~r,∆, t) = [‖~u(~r, t)− ~u(~r + ∆xi~ei, t)‖




        
 !   
 !  !
 











































































































ÈºÉÉÈ ﬀÜÙÓ1Ô  ÎÐº×1ÒÚ ÔPÕ Ú}ÎÔuÔPÎ:ÜÔ
	  ÕrÚ Ò Ò Ó"Ó$ Õ  tÙÎ ºÓ1Ô ºÎ	  ﬁÚ}Ó  ºÓ1Ô
ﬁﬀﬂﬃ! ﬂ"ﬂ#$&%(')ﬀﬂﬃ




















































τij = uiuj − uiuj
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w1,2 = u(xi, t)− 〈u(xi, t)〉
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fn+1 = fn +
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+ ∆z+ ∆y+w qy
-©
212 4 998 42 13 2 tanh = 0.902
-
 
395 10 177 78 39 27
 k
-ë
590 16 098 116 58 37
 k
-®
1 000 29 422 196 98 62
 k
- $
1 020 30 095 200 100 64
 k
- 
4 000 143 465 785 393 200
 ks©ëê
-¯
4 800 176 701 942 471 300
 k
-ﬀí
10 000 408 824 1 963 982 200
 k l®*)
- )
20 000 902 757 3 927 1 963 200
 ksë l¯
-ê
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k
mod LES+TBLE (w/o CVT)
ktotal LES+TBLE (w/o CVT)
 k
res
 LES+TBLE (w/ CVT)
 k
mod LES+TBLE (w/ CVT)
 ktotal LES+TBLE (w/ CVT)





























	23ﬂ4 235) 	65ﬂ)/.)ﬂ)( 78#ﬃ




















































































































































 '& ﬀ ﬁ ﬃ ",
Reτ = 1020











































	23ﬂ4 235) 	65ﬂ)/.)ﬂ)( 78#ﬃ






















































































































   ﬁﬀﬂﬃ   !"ﬃ#$!&% '( *)ﬂ
+,!-''.+,
/




























:9 ;5=< ?> 43?@A3  B7C> D@ 
 EF	C5=@A3 	B7HGJI K3=@	
1> 
















































































































































MO[DTStVAXr` XWV\VATa[DU<¡[DMFR dRxXWVDe `Q
Qa`dXr[DMkXiPOQSUr`dPTaQ0Z[pQaUiRSUr[DMOQ
Xr[DMopUiRSPONUiM\VAXr`Q




















































































N Uit|\VDedR{¬'`dTSTSUﬀdTa`|X  [DjOQSRgVDedXr`puQa`|edT`dMFR¤N`dPÂRa[DPTSjUiXiXr[DMOQne[DMFRSTgVKTa[DRgVARSU¨b}QnQSlt dRSTSUrPO`Q\VAT
TgVAZ[DTSRVAP~XWVAM6<Âyu lO
N`¡QSlt dRSTSUr`nNPedPjy`¡PU3`dMo`dMONTa`dMRPMO`¡h^[DMO`¡N`¡Ta`edUiTaedPXWVARSUr[DM{Z`Q



































=)9  KM C9 <>?HM!A<:ﬀ@KI<2MMJ< ﬃ9?HB@KIJE"A@?HGﬃ<
`Q¤Ta[A©OXrQ tx[zl`dMOQ|N`

UiRa`QaQa`£Z[DPT Xr`Q Qa[DMON`QxZ· 
±
Qa[DMR¤tx[DMRSTQ|NOVAMOQ Xr`Qn©OopPTa`Q















"eaf dtVARSUrQgVARSUr[DM$N`Q¤QSRSTSPOedRSPTa`Q¤Ra[DPTSjUiXiXr[DMM\VAUiTa`Q¤TQa`dMFRa`Q NOVAMOQnPM e[DPXr`dtx`dMFR









`QTa[A©OXrQtx[^l`dMOQne[DTSTa[DjZ[DTa`dMR¡jUr`dMX  `Â dTSUr`dMOe`N`|­`dUiMON`dTaQRgVAMRnPO`
y/a
`QSRQSPﬃ
TSUr`dPT ﬂX  PMUiRp{p M|N`QaQa[DPOQ7N`se`dRSRa`
[DTaN[DMM `puDX e[DPXr`dtx`dMFR5`QSR7UiMYOPO`dMOe s\VAT7Xr`&Z[DUiMRN VATSTdR













































`QSRnUiMb dTSUr`dPT X  PMUiRp{5¯&`f dMO[A



















!<;?ﬀM @K9L?ﬀM H< < ﬀ?ﬀ9  AM
`QnTa[A©OXrQ¤N`Q¡Ra`dMOQSUr[DMOQ¤N`qﬂ`dlMO[DXrNQnMO[DTStVAXr`Q¤Qa[DMFR¤tx[DMFRSTQ N` UioO{7Ã{i·^¼  3UioO{7Ã{i·




























































































tVAUiXiXWVAo`¡e[Dt|tx`Q UiXQ  VAopUrQaQgVAUiR_N PMO` &mTQa[DXiPO` ¤XWV¤\VATa[DUy[DPT_e^VARSPTa`dT_Xr`Q
f dMO[Dt ﬀdMO`Q
fFlQSUrPO`Q0NOVAMOQ

























h^[DMO`0N`0Ta`edUiTaedPXWVARSUr[DMcN` UioO{Ã{i·^¹ UioO{Ã{ ¼·zuFXr`Q(Ra`dMOQSUr[DMOQ8N`_q0`dlMO[DXrNQ(RSTgVAMOQ

`dTaQVAXr`Q8Qa[DMR















































QSPTX  [DjOQSRgVDedXr`p{ﬁ­VAUrQ^uZ[DMy`dPRQg`nN`dtVAMON`dTX  UiMRdTdRN`¡X  PRSUiXiUrQgVARSUr[DMN`nXr[DUrQN`n\VATa[DUrQ
QSUﬁXr`tVAUiXiXWVAo`N[DUiR dRSTa`Xr[e^VAXr`dtx`dMFRﬂTgV xM ¡VAPRa[DPT0N`X  [DjOQSRgVDedXr`p{
B












































































ﬁﬀﬂﬃ! "ﬁﬀ# ﬁﬀﬂﬃ! "ﬁﬀ#
ﬁﬀﬂﬃ! "ﬁﬀ#
ﬁﬀﬂﬃ! "ﬁﬀ#



















TU ZÃ{ Ã mµTa[A©OXrQ_tx[zl`dMOQ0N`XWV

UiRa`QaQa`'Xr[DMopUiRSPONUiM\VAXr`¡Z[DPT0XWV Qa[DMON`nZ·p{

















































 $ﬁ>ﬂ "! #%/('8)	+-,./0!%12+-,43#5+-!6' 7 03% (' 0!#%*9
<2<2<
 z  (&23ﬁ	0	~ﬂ	6%'Sﬁ27#&)'









































































































































































































































dTSU¨©\`dT|PO`Xr`Q¤bKVAUijXr`Q NU¨ÅﬃdTa`dMOe`Q|`dMRSTa`£Xr`Q tx[NﬀdXr`Qx§­ `dR ¿
¶s  MO`vQa[DMR
\VDQN`QmPMtVAUiXiXWVAo`|RSTa[D©OM[Xr` tVAUiXiXWVAo`x¿

















MO[DPOQ8`ÂOVAt|UiMO`dTa[DMOQ&Xr`Q5Ta[A©OXrQ8tx[^l`dMOQsQa[DMR8`ÂZ[pQQ5N`_XWV UioO{Ã{ ¼p¼  UioO{Ã{ ¼
n`dR5Xr`Q(Ra`dMOQaUr[DMOQ
N`nqﬂ`dlMO[DXrNQﬂXr[DMopUiRSPONUiM\VAXr`QN`XWV UioO{yÃ{ ¼Ã  UioO{ZÃ{

·p{ZµPUrQaPO`nMO[DPOQ0MO`nNUrQSZ[pQg[DMOQ0\VDQN`
N[DMM `Qn`ÂﬃdTSUitx`dMFRgVAXr`Q e`|MO[DtnjTa`N`qﬂ`dlMO[DXrNQzuyMO[DPOQ¡e[Dt|\VATa`dTa[DMOQ¤Xr`Q¡NU¨Å dTa`dMFRa`Qntx[A



















































   	; : $ﬁ>ﬂ "! #%/('8)	+-,./0!%12+-,43#5+-!6' 7 03% (' 0!#%*95;5








































































T Ã{ ¼Ã £¿3`dMOQSUr[DMOQ0N`¡q0`dlMO[DXrNQ
Xr[DMopUiRSPONUiM\VAXr`y[DPT_XWV Qa[DMON`nZ·p{


















































































































































































ﬃ#'    	 
  B,! #$
 $$ﬀ  !&% ﬁ +,  #ﬀ #$ )ﬂ,ﬀ (  

ﬀ-ﬁ
10 2 4365ﬃ87 
*3 	 >P3 N A3  @A3 	 
 RgVAMRN[DMM  Xr`Q'MO[Dt¡jTa`QN` qﬂ`dlMO[DXrNQN`Q e[DPXr`dtx`dMFRaQ¡RSfO`dTStx[AKfFlNTgVAPXiUrFPO`QnTQa`dMRaQ
NOVAMOQXr`Q0T^VDedRa`dPTaQMFPOedX^VAUiTa`QzuXr`QﬂTQa[DXiPRSUr[DMOQ'N`ntVAUiXiXWVAo`¡M e`QaQVAUiTa`Q xPMO`nQaUit¡PXWVARSUr[DMªN`Q

































'ZuzRa[DPR3`dMnTa[A©ORgVAMFRN`(XWV0TSUrQa`5`dM¤e[Dt|Ra`8N`5X  UiMOQSRgVARSUr[DMM\VATSUiRsN`5X e[DPXr`dtx`dMRe^VARSPT`













:9  <  MNﬃ<7C>  G @J5?3 
 D> 9 	1@ F > ﬀﬂﬁﬃ! #"%$&ﬃ @'!DL C<)(
 G <L M@A3   7C> 
  ?>.5* @A3 	 7C> D@ﬁL M@	43  3?< 7M>N 	 > Nﬃ> 43

©OMN` TNPUiTa`|Xr`|e[$#RMFPt dTSUrPO`N` XWVv 8ZuN`|MO[DtnjTa`dPOQa`QRa`egfMUrFPO`QnN`|e[DPXWVAo`
q







































































i (xj , t) = Wi(xj, t)
uransi (xj , t)− u˜
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1 + 4 lm2+(α)
ﬂ
ç÷ó











































































X\YﬂZR[ ûﬃ ] 
ï¤ãSöVÜçéè¹ãï¤ÞEçîÙ½ï+ÛkëQ .à'äè¹ãﬁÞ5õ
äﬀrê+ÛkíEçîÙ½ï¤Þjí5ÙÞ5Ù½ëéý^ãóÂÙ½á

















































































.õ¤ã%þ^ãÝ£Ùkó@íEõ¤ã%ëîÙhÚ òﬁÙ½èßPêPí]ÛkíEçîÙ½ï+Ûkë@òﬁÙ[ÞEíÙkó@íEõ¤ã  .à'ä á5ãﬁÞ]Ù½ëéêPíEçîÙ½ïNá5ãëéçîãﬁÞÙ½ï íEõ¤ã¹Û½Þ]ÞEêPèßPíEçîÙ½ï
íEõ+Ûkí­íEõ¤ãßPá5ãﬁÞ]ÞEêPá5ãâ[á]Û½Üçîãï)íçîÞêPïPç÷óÂÙ½áEèHçéï íEõ¤ã(¤ï¤ãè¹ãﬁÞEõ'ûF.õ)ê¤ÞÈßIíEõ¤ãá5ãçîÞï¤Ùoï¤ãﬁãﬁÜ í5ÙÞ5Ù½ëéý^ã%Û























ÞEí5ãß ﬃ PßEIß CMOÛkï¤ÜGÛkï`Û½ÞEÝrèè¹ãíEáEçîòÆíEá]ÛkçéëéçéïPâFãﬁÜâ^ã ﬂﬁ^MZ=Vûﬀ.õ¤ãßPá5ãý}çîÙ½ê¤ÞoÛkêPíEõ¤Ù½á5ÞoíEáEçîãﬁÜ í5Ù






R Ù½á5ãﬁÙÈý^ãáÈßJíEõ¤ãÀíEêPáEøPêPëîãï)íý}çîÞ5òﬁÙ[ÞEçéíÍÝ çîÞﬃï¤Ù½í%è¹Ù}ÜPãëîãﬁÜníEõ¤ãoÞ]Ûkè¹ãoÚCÛÈÝ çéïÛkëéëCíEõ¤ãﬁÞ5ãoÞ5íEê¤ÜçîãﬁÞÈû
ÛkëìÛká]Û½ÞãíÛkë×û!õ+Ûﬁý^ãÀò5õ¤Ù[Þ5ãï ﬂﬁ<ÛÆòëìÛ½Þ5ÞEçîòÈÛkëCèç )çéïPâ½ö×ëîãïPâ[íEõFó Ù½áEèﬃêPëìÛkíEçîÙ½ïdðÂÞ]ãﬁã£ðÂüû^ñEñSûQ	.ÛkøKÙ½í

















òﬁÙ½èßPêPí5ãCíEõ¤ã@íEêPáEøPêPëîãïríJý}çîÞ5òﬁÙ[ÞEçéíÍÝçéïﬃíEõ¤ã  .à'ä è¹ãﬁÞEõﬃõ+ÛÈý^ãøKãﬁãïﬃçéïrý^ãﬁÞEíEçéâ)Ûkí5ãﬁÜ%Þ5Ùó×ÛkáÈû<$çéêPáEï¤Ùãí
Ûkë×û CMOKê¤Þ5ãﬁÜDíEõ¤ã­årß+ÛkëìÛkáEí öVü
ëéëéèDÛká]Û½Þ.è¹ÙrÜPãë2ﬂﬁﬃ=çéïoíEõ¤ãN .à'änè¹ãﬁÞEõÛkï¤Ü¹íEõ¤ãÝoÙ½øPí]Ûkçéï¤ãﬁÜ rêPçéí5ã
â^ÙrÙ}Ü á5ãﬁÞ5êPëéí5Þﬃó Ù½áﬃíEõ¤ãDø+Û½ò5þ}ÚCÛká5Ünó×Û½òçéïPâ£ÞEí5ãß'ûJüÞó Ù½á [ ÛkïPâNÛkï¤ÜBR Ù½çéïﬂﬁ^MZ<Vß!íEõ¤ãÝNßPá5Ù½ßKÙ[Þ5ãﬁÜ
í5Ùê¤Þ5ã¹ÛÜÝ}ï+Ûkèçîòý[Ûkëéê¤ã%ó Ù½á
κ
û .õPçîÞçîÞßKãá ó Ù½áEè¹ãﬁÜNçéï èDÛkí5ò5õPçéïPâ£íEõ¤ã¹ÞEêPøPâ[áEçîÜ Þ]òÈÛkëîãýrçîÞ]òﬁÙ[ÞEçéíVÝ



























 	ﬀ  
 ﬀ 	























































































































  ! ﬁﬀ ﬀﬁ ﬂ!   
   


















































É±ÊË±ÊË ﬃnÔ (%¤ÑrÖVÕE&)! LPÐ^Ô!
0248=476 B+PRKB/Q#")<56 1H@C8CM
ü
ëéë±íEõ¤ãòﬁÙ½èßPêPí]ÛkíEçîÙ½ï¤ÞﬃÙkóíEõPçîÞÞ5íEê¤ÜÝæÚãá5ãoÛ½ò5õPçîãý^ãﬁÜNÚçéíEõNíEõ¤ã ù3O %$c òﬁÙrÜPã%ÜPãý^ãëîÙ½ßKãﬁÜ

















ðè¹Ù½á5ãÜPãí]ÛkçéëîÞ4ÛkøIÙ½êPí­íEõ¤ãçéèßPëîãè¹ãï)í]ÛkíEçîÙ½ïnÙkó@íEõPçîÞ­òﬁÙrÜPã%òÈÛkïøKãﬃó Ù½êPï¤Ü£çéï á5ãSó ãá5ãï¤òﬁã ﬁñÛkï¤Ü


















































































































































a + fv averaging
a + v averaging
Dual time step method
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k − + SWM × K2 K3 K4
LES + SWM × S2 S3 S4
LES + TBLE T1 T2 T3 T4
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Forced LES+SWM (SES τ= 16 turnovers)
































































Forced LES+SWM (SES τ= 16 turnovers)















Forced LES+SWM (velocity with OTA)































Forced LES+SWM (velocity with OTA)
Forced LES+SWM (velocity+passive scalar with OTA)
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Modeled stress (Forced LES OTA)
Reynolds stress  (Forced LES OTA)
Force stress  (Forced LES OTA)





























Reynolds stress (Forced LES with SES τ=16 turnovers)
Modeled stress (Forced LES with SES τ=16 turnovers)
Force stress (Forced LES with SES τ=16 turnovers)





























Modeled stress (Forced LES with SES τ=120 turnovers)
Reynolds stress (Forced LES with SES τ=120 turnovers)
Force_stress  (Forced LES with SES τ=120 turnovers)
Total stress (Forced LES with SES τ=120 turnovers)
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yc0 = y0 = yw
EGBM8
y1 − y−1 = 2 (y1 − yw)
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